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Seasonal snow is an important component of the Himalayan hydrological system, but
a lack of observations at high altitude hampers understanding and forecasting of water
availability in this region. Here, we use a passive gamma ray sensor that measures
snow water equivalent (SWE) and complementary meteorological instruments installed
at 4962 m a.s.l. in the Nepal Himalayas to quantify the evolution of SWE and snow
depth over a 2-year period. We assess the accuracy, spatial representativeness and
the applicability of the SWE and snow depth measurements using time-lapse camera
imagery and field observations. The instrument setup performs well for snowpacks
>50 mm SWE, but caution must be applied when interpreting measurements from
discontinuous, patchy snow cover or those that contain lenses of refrozen meltwater.
Over their typical ∼6-month lifetime, snowpacks in this setting can attain up to 200 mm
SWE, of which 10–15% consists of mixed precipitation and rain-on-snow events.
Precipitation gauges significantly underrepresent the solid fraction of precipitation
received at this elevation by almost 40% compared to the gamma ray sensor. The
application of sub-daily time-lapse camera imagery can help to correctly interpret
and increase the reliability and representativeness of snowfall measurements. Our
monitoring approach provides high quality, continuous, near-real time information that
is essential to develop snow models in this data scarce region. We recommend that a
similar instrument setup be extended into remote Himalayan environments to facilitate
widespread snowpack monitoring and further our understanding of the high-altitude
water cycle.
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INTRODUCTION
High Mountain Asia’s cryosphere delivers water resources to over one billion people (Barnett et al.,
2005; Bookhagen and Burbank, 2010; Immerzeel et al., 2010; Bolch et al., 2012; Gardner et al., 2013;
Smith T. et al., 2017). In many Himalayan river catchments, the contribution of seasonal snowmelt
to mean annual runoff equals or exceeds that of glacial melt (Prasch et al., 2013; Rohrer et al.,
2013; Lutz et al., 2014). Many communities, particularly those at high elevations, are dependent on
seasonal snowmelt for water, hydropower generation and irrigation (Smith T. et al., 2017), whilst
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changes in snow conditions and extent have major ramifications
for ecosystem function, avalanche threat, and climate feedbacks
such as land surface albedo (Lehning et al., 1999; Sturm et al.,
2010; Rohrer et al., 2013). With ongoing climate change predicted
to affect the high-altitude Himalayan cryosphere (e.g., Singh
and Kumar, 1997; Singh and Bengtsson, 2005; Stewart, 2009;
Kraaijenbrink et al., 2017; Smith and Bookhagen, 2018), it is
critical that seasonal Himalayan snowpacks are comprehensively
monitored to facilitate the development of hydrological models
that can be used to forecast water availability in this region
(López-Moreno et al., 2013; Sexstone and Fassnacht, 2014;
Saloranta et al., 2019).
The quantity of water contained within a snowpack, termed
snow water equivalent (SWE), is one of the most important
variables to consider when examining seasonal runoff production
(Jonas et al., 2009). SWE is difficult to accurately measure
and model over broad spatial areas, and large discrepancies
exist between estimates derived from different measurement
techniques such as reanalysis products, precipitation gauges,
and satellite observations (Takala et al., 2011; Ménégoz et al.,
2013). The application of Regional Circulation Models has
shown potential to resolve issues associated with coarser
spatial resolution Global Circulation Models in Himalayan
regions (Polanski et al., 2010; Sabin et al., 2013); however,
these simulations still have large biases when compared with
observations due to difficulties in correctly partitioning solid and
liquid phases of precipitation (Ménégoz et al., 2013). Many of
the issues associated with SWE measurement and modeling are a
result of the scarcity of reliable solid precipitation observations at
high altitude with which to calibrate and develop SWE products
(Ma et al., 2009; Ménégoz et al., 2013; Rohrer et al., 2013).
Obtaining accurate in situ SWE observations is a difficult
and time-consuming process (Sturm et al., 2010). Automated
methods of SWE measurement can increase the ease with which
seasonal SWE patterns can be monitored and, unlike manual
sampling techniques, do not invasively disturb a snowpack’s
internal structure (Kinar and Pomeroy, 2015). Many automatic
ground-based methods of measuring SWE exist, including
weighing techniques (e.g., Serreze et al., 1999; Johnson et al.,
2015), radiation-based methods (e.g., Kodama et al., 1979;
Choquette et al., 2008; Martin et al., 2008; Rasmussen et al.,
2012), technologies that measure the reflectance of acoustic
impulses (Kinar and Pomeroy, 2007) and methods that utilize
the Global Navigation Satellite System (Henkel et al., 2018;
Appel et al., 2019). However, there is no ideal method of
automatically measuring SWE (Egli et al., 2009), and installation
and maintenance of gauging stations at elevations where the
majority of Himalayan snow cover resides and melts (4000–
5000 m a.s.l.) (Immerzeel et al., 2009; Tiwari et al., 2016; Gurung
et al., 2017) is logistically difficult, expensive, and often dangerous
in poor weather conditions. Even where present, many of the
meteorological stations in the Himalayas have large data gaps
(e.g., Shea et al., 2015), and rain gauges are generally not adapted
to measure solid precipitation, resulting in large instrumental
uncertainties which negatively impact efforts to calibrate SWE
products over larger spatial scales (Lang and Barros, 2004; Ma
et al., 2009; Ménégoz et al., 2013).
SWE can be estimated over greater spatial scales from airborne
and satellite-based passive microwave sensors (e.g., Carroll et al.,
1999; Smith and Bookhagen, 2018). These, along with other
remote sensing methods, may provide useful information for
downstream hydrological applications (Immerzeel et al., 2009;
Bookhagen and Burbank, 2010). However, estimation of SWE
from remote sensing data is associated with large uncertainties
due to the topographic heterogeneity of mountainous terrain,
which may result in lower than true mean SWE values (Takala
et al., 2011; Tiwari et al., 2016). Furthermore, the applicability
of these techniques to Himalayan settings is limited due to the
substantial influence of melting and wetting in these snowpacks –
both of which increase the uncertainty of microwave-based
methods of SWE retrieval (Dong et al., 2005; Smith and
Bookhagen, 2016). The spatial resolution of many remote sensing
SWE products is also coarse when compared to the typical size of
most Himalayan catchments (Stigter et al., 2017). Consequently,
remotely sensed estimates of solid precipitation in the Himalayas
differ widely from one product to another (Palazzi et al., 2013),
and there is currently very little reliable information about
changing patterns of Himalayan SWE (Lutz et al., 2015).
An alternative method of monitoring the water stored in
seasonal snow is to calculate SWE as the product of snowpack
depth and bulk density. The average (bulk) density of a snowpack
depends on the initial density and compaction history of each
constituent snow layer (Sturm et al., 2010; Schleef et al., 2014).
Snowpack bulk density is influenced by many meteorological
drivers and processes, including the air temperature and
humidity at the time of snow crystal formation, the wind
speed during fresh snow deposition, and the metamorphism,
melting, refreezing and windblown packing of snow once settled
(Hedstrom and Pomeroy, 1998; Meløysund et al., 2007; Bormann
et al., 2013; Essery et al., 2013). As many of these drivers can vary
over relatively short (sub-daily to hourly) timescales, snowpack
density can exhibit substantial spatial and temporal variation, and
continuous high-resolution observations of snowpack processes
are necessary to understand seasonal snowpack densification
(Jepsen et al., 2012; Sexstone and Fassnacht, 2014).
Many physically- and empirically-based models exist to
predict snowpack properties (e.g., Brun et al., 1989, 1992;
Carroll et al., 1999; Meløysund et al., 2007; Best et al., 2011;
Saloranta, 2012; Essery et al., 2013; McCreight and Small,
2014). However, the physical mechanics underpinning these
models are based on research conducted in high- to mid-latitude
locations such as the large northern hemisphere snowfields of
North America and Europe (e.g., Sturm and Holmgren, 1998;
Judson and Doesken, 2000; Meløysund et al., 2007; Sturm et al.,
2010; Zhong et al., 2014). Continuous observations of snow
properties in high-altitude, low-latitude environments such as the
Himalayas are almost non-existent and, consequently, calibrating
the current generation of snow models to run in Himalayan
settings is challenging.
The development, calibration, and improvement of more
sophisticated SWE products in High Mountain Asia calls
for a greater number of accurate, high-altitude, precipitation
observations with rigorously constrained uncertainties. In this
study, we present an automatic monitoring system installed at
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nearly 5000 m a.s.l. in the Nepal Himalayas that is capable
of providing high-resolution snowpack observations in near-
real time. We assess the suitability of the monitoring system
to provide reliable estimates of SWE, snow depth, and solid
precipitation that could be used to calibrate and develop
SWE and snow models in this data-scarce region. We make
recommendations about how this setup could be extended into
similarly remote environments to attain greater understanding of
the high-altitude Himalayan water cycle in the future.
DATA AND METHODS
Instrument Setup
The Automatic Weather Station
An automatic weather station was installed on the southern side
of the Ganja La Pass (4962 m a.s.l.), near the boundary of the
Langtang Valley catchment in the Nepal Himalayas (Figure 1).
The automatic weather station was installed as part of the “Snow
accumulation and melt processes in a Himalayan catchment”
(SnowAMP) project described in Saloranta et al. (2016). The
automatic weather station consists of sensors measuring SWE,
snow depth, precipitation, ambient air temperature, surface
temperature, relative humidity, average and maximum hourly
wind speed, wind direction, barometric pressure, and the
incoming and outgoing components of shortwave and longwave
solar radiation (Table 1). The sensors are installed on a 5-m high
lightweight (10 kg) aluminum mast mounted on a boulder and
secured with guy wires (Figure 1c). Two precipitation gauges
are installed at a distance of ∼3 m from the main instrument
mast (Figure 1d). A Uovision UV565 time-lapse camera installed
on the weather station captures images of the surrounding site
six times per day.
The automatic weather station transmits its data in real time
using the Iridium satellite network using the Short Burst Data
transmission protocol. Data is sent hourly to the SutronWIN
acquisition and presentation service,1 and is immediately
accessible. A complete data series for all instruments is available
between May 2016 and June 2018, except the precipitation
weighing gauge which was dysfunctional from August 2016 to
September 2016 and from August 2017 to January 2018. These
periods of dysfunction were due to the gauge overflowing with
water. The gauge was emptied in October 2016, but severe
weather conditions prevented the automatic weather station from
being accessed in October 2017. After December 2017, however,
the water evaporated from the instrument and measurements
could be recorded again. We exclude periods of gauge overflow
from our analysis.
1http://sutronwin.com/
FIGURE 1 | Study site and instruments. (a) Location of the Langtang catchment, adjacent to the study site, Nepal. (b) The automatic weather station is located on
the southern side of the Ganja La Pass at 4962 m.a.s.l. Major glaciers and ice masses in Nepal are displayed (Bajracharya et al., 2014). (c) The automatic weather
station and (d) the Total Precipitation Gauge at the Ganja La Pass in May 2017.
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TABLE 1 | Variables measured by the automatic weather station instruments.
Variable Instrument Height (m) Temporal resolution (h) Accuracy
Snow depth Campbell Scientific SR50AT-316SS 3.40 1 ±0.01 m
Precipitation Sutron Total Precipitation Gauge 1.55 1 ±0.6 mm
Precipitation Sutron Tipping Bucket Rain Gauge 5600-0425 1.55 1 ±2%
Ambient air temperature Campbell Scientific CS215 2.09 1 ±0.9◦C
Ground temperature Sutron AquaTemp-60 0.00 1 ±0.1◦C
Relative humidity Campbell Scientific CS215 2.09 1 ±4%
Wind speed R.M. Young 5108-45 Wind Monitor-HD Alpine 4.46 1 ±0.3 m s−1
Wind direction R.M. Young 5108-45 Wind Monitor-HD Alpine 4.46 1 ±3◦
Barometric pressure Sutron Barometric Pressure Sensor 5600-0120-3C 0.80 1 ±0.4 hPa
Incoming shortwave radiation Kipp & Zonen CNR4 Net Radiometer 3.54 1 ±3%
Outgoing shortwave radiation Kipp & Zonen CNR4 Net Radiometer 3.54 1 ±3%
Incoming longwave radiation Kipp & Zonen CNR4 Net Radiometer 3.54 1 ±3%
Outgoing longwave radiation Kipp & Zonen CNR4 Net Radiometer 3.54 1 ±3%
Snow water equivalent Campbell Scientific CS725 4.00 6 ±15 mm/±15%
Time-lapse camera imagery Uovision UM565 – 2 –
Snow Depth Measurement
Snow depth is measured with an SR50AT that uses the return
speed of an ultrasonic pulse to determine the distance to the
surface of the snowpack. The instrument has a typical accuracy of
±0.01 m. The measurement is adjusted for the varying speed of
sound in different air temperatures using an internal temperature
sensor with an accuracy of less than ±0.75◦C (Campbell, 2016).
Quality values output by the sensor were used to remove
erroneous readings, and time-lapse camera images were used to
filter out “false” snow events produced by the noise of the sensor.
To assess the optimal smoothing interval to remove noise
from the snow depth sensor in locations where time-lapse camera
imagery is not available, we performed sensitivity analysis that
quantifies the effect of time series smoothing on snow event
detection. To achieve this, we first removed any snow depths
associated with a poor data quality value, before applying a
shape-preserving piecewise cubic Hermite spline to interpolate
missing data gaps within the raw snow depth timeseries. This
interpolation method fills in data gaps without modifying the
amplitude or shape of the timeseries. We then produced multiple
smoothed snow depth timeseries using moving average filters
of between 2 and 12 h. Increases in snow depth, greater than
the 0.01 m h−1 accuracy of the SR50AT, which occur during
the intervals confirmed by the time-lapse images are classified as
“true” snow events. Conversely, increases in snow depth greater
than 0.01 m h−1 that are not verified by the time-lapse camera
images are assumed to be “false” snow events produced by the
noise of the sensor. This method permits the effect of smoothing
on snow event detection to be determined.
Snow Water Equivalent Measurement
The automatic weather station is equipped with a Campbell
Scientific CS725 sensor which calculates SWE by passively
measuring the attenuation of gamma rays emitted from naturally
occurring isotopes of Potassium (40K) and Thallium (208Tl)
present in the substrate beneath the sensor (Campbell, 2015;
Stranden et al., 2015). The site’s 40K and 208Tl radiation levels
were measured in September 2015 and were found to be well
suited for making SWE measurements. Both isotopes provide
near-identical estimates of SWE (Figure 2) except for the largest
SWE values [>160 mm water equivalent (w.e.)] where 40K yields
higher values. The isotope associated with the higher count
is generally the most reliable (Smith C.D. et al., 2017) and,
consequently, this study focuses on 40K. The CS725 calculates
SWE by integrating gamma-ray emissions over a 24-h period
before outputting an estimate of snowpack SWE at a 6-h time
resolution. The instrument can measure the SWE of snowpacks
up to∼600 mm w.e. and has a measurement accuracy of±15 mm
from 0 to 300 mm w.e. and ±15% from 300 to 600 mm w.e.
(Campbell, 2015).
The CS725 has an effective field of view of ∼120◦, allowing
it to monitor the SWE of a ∼150 m2 area of snow surrounding
the automatic weather station when mounted 4 m above the
ground. The SWE measurement is most heavily weighted toward
the snow directly beneath the sensor as gamma photon intensity
is attenuated by greater travel distance through the snowpack
with increasing radial distance from the automatic weather
station. As the topography surrounding the sensor is relatively
uniform, the instrument was installed without a collimator
which reduces the surface area from which the gamma rays
are sourced. Consequently, approximately 44% of incoming
radiation counts are sourced from outside the sensor’s effective
field of view, increasing the surface area of snow over which
SWE values are derived (Campbell, 2015). Experiments in other
similarly uniform and unforested sites suggest that the absence
of a collimator should result in no significant difference in the
measured SWE value compared to an instrument installed with a
collimator in this setting (Wright, 2011).
Snowpack Density Data
On the 30th April, 2018, twelve snow pits were dug in a radial
pattern around the automatic weather station, covering an area
of∼200 m2. The snow pits were arranged to systematically cover
approximately the same area measured by the footprint of the
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FIGURE 2 | Time delay and isotope comparison for the CS725. (a) Example of the time delay between SWE measurements and snow depth measurements
between January 2017 and July 2017. (b) SWE measurements derived from Potassium (40K) versus Thallium (208Tl) isotopes measured by the CS725. (c) Cross
correlation plot between snow depth and SWE demonstrating that SWE most frequently lags behind snow depth by 18 h.
CS725. All pits reached the base of the ∼0.4 m thick snowpack.
A snow corer was used to measure the bulk density of the
upper (0–0.2 m deep) and lower (0.2–0.4 m deep) portions of
the snowpack by weighing a known volume of snow to within
±0.01 kg. The depth of the snowpack and the thickness of a
basal ice layer present beneath the snowpack were measured to
within ±0.005 m. The field measurements provide a snapshot of
the spatial distribution of snowpack SWE, depth, bulk density,
and basal ice thickness within the area measured by the weather
station instruments.
Comparing CS725 SWE and Snow Depth
Measurements
The suitability of the automatic weather station setup to remotely
monitor Himalayan snowpack dynamics is assessed in terms of
its temporal accuracy and its spatial representativeness. First,
we assess the ability of the CS725 to provide timely estimates
of changing snowpack SWE. Due to the 24-h moving average
window employed by the CS725, it is possible that the changes
in SWE detected by the sensor are delayed relative to the actual
timing of fresh snow events. We use cross-correlation analysis to
examine the presence of any lead or lag in the SWE estimates
compared to changes in the depth of the snowpack. Secondly,
we compare SWE and snow depth measurements to the spatial
distribution of these variables measured in the field. Thirdly, to
quantify spatial sensitivity of the sensors to changing snowpack
thickness, we use time-lapse imagery to classify snow cover as
either uniform or discontinuous and compare these classes to the
changing SWE and snow depth values measured by the automatic
weather station. Snow cover is defined as uniform when no gaps
are present in the snow layer, and discontinuous when snow cover
is present but patchy, with some bare ground visible. Finally,
we combine the measured snowpack SWE with snow depth
estimates to calculate snowpack bulk density and compare this
with the snow pit measurements.
Calculation of SWE From Solid
Precipitation Measurements
To examine whether precipitation gauges, which are more
extensively deployed in the Himalayas than dedicated SWE
sensors (Andermann et al., 2011), could be reliably used to
monitor the SWE of incoming snowfall events, we compare
between the CS725 and the Sutron Total Precipitation
Gauge installed on the automatic weather station. The Total
Precipitation Gauge is an unheated weighing bucket gauge
designed to measure both solid and liquid precipitation. The
gauge accumulates and weighs precipitation in a large bucket
which is then differenced to derive the quantity of hourly
precipitation. The instrument requires regular maintenance to
empty the gauge and avoid the risk of overflowing, otherwise
no additional measurements can be recorded. The precipitation
gauge has a 200 mm diameter funneled orifice which is designed
to prevent blockages and evaporation (Sutron, 2015). Antifreeze
is added to the bucket to prevent the instrument from filling with
low-density snow and to avoid damage to the bucket in sub-zero
temperatures. The precipitation gauge is not windshielded.
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Precipitation gauge SWE values are calculated by summing
hourly precipitation within a 6-h interval in order to permit
comparison to the CS725. We calculate and compare the
cumulative SWE of incoming precipitation measured by each
instrument for periods when a substantial snowpack (>15 mm
w.e. and persisting for more than one month) was present. SWE
increases recorded by the CS725 as a result of windblown snow
redistribution are removed by ignoring any 6-h period of SWE
without any observed precipitation in the precipitation gauge.
We examine the correspondence between the CS725 and the
snow depth sensor by comparing the total cumulative SWE
measured by the CS725 to periods when the CS725 measurements
increase simultaneously with snow depth.
There is no conclusive way to determine the phase of
precipitation collected by the Total Precipitation Gauge, or
the contribution to snowpack SWE made by each phase
of precipitation. We therefore investigate four methods of
identifying and accounting for precipitation phase using the Total
Precipitation Gauge. First, we assume that solid precipitation
falls when air temperatures are below –2◦C, a widely employed
ambient air temperature threshold for snow (e.g., Ye et al., 2004;
Kochendorfer et al., 2017). We compare this to precipitation
which coincides with an increase in snow depth. Third,
we calculate the sum of precipitation assuming a linear
transition between snowfall and rainfall that occurs between
air temperatures of –2 and 2◦C (e.g., Pipes and Quick, 1977;
Harder and Pomeroy, 2013). Finally, we calculate the sum of
any precipitation that occurs when snow cover is present in the
time-lapse imagery.
Undercatch Correction of Solid Precipitation
Attempts to obtain accurate measurements with precipitation
gauges are obstructed by the deflection of falling hydrometeors
away from the inlet of the gauge, resulting in underestimation of
the measured quantity of precipitation compared to its true value
(Sevruk et al., 1991; Rasmussen et al., 2012). This precipitation
“undercatch” is considered to be the most significant systematic
error associated with gauge-based measurements of precipitation
(Mekonnen et al., 2015). The magnitude of precipitation
undercatch is dependent on the wind speed, the presence or
absence of dedicated windshields, precipitation gauge design, and
the size, phase and velocity of the falling hydrometeors (Sieck
et al., 2007; Wolff et al., 2013; Colli et al., 2015). Measurement
losses due to precipitation undercatch can amount up to 10%
for rainfall and can exceed 50% for falling snow (Ye et al., 2004;
Wolff et al., 2015).
The purpose of this study is not to conduct a carefully
controlled undercatch quantification test (e.g., MacDonald
and Pomeroy, 2007; Wolff et al., 2015) which would be
needed to derive a site-specific undercatch correction function
for the precipitation measurements. Instead, we estimate the
undercatch of the precipitation gauge by comparing the
accumulated precipitation to the cumulative SWE observed
by the CS725. The percentage of precipitation measured by
the Total Precipitation Gauge compared to the CS725 is
termed “catch efficiency.” We compare our catch efficiency
results to the theoretical catch efficiency ratio calculated
from Kochendorfer et al. (2017), derived from the results of
the World Meteorological Organization Solid Precipitation
Intercomparison Experiment (WMO-SPICE). This correction
function was chosen since it is currently the most comprehensive
evaluation of precipitation undercatch due to being calculated
from a large precipitation dataset gathered from multiple climatic
regions including lowland and mountainous areas of Europe and
North America. The correction function also incorporates both
wind and air temperature parameters, and was derived using
precipitation gauges similar to the Total Precipitation Gauge
deployed at the Ganja La Pass as a reference, among others.
The function calculates the catch efficiency ratio, CE, of the
precipitation gauge using wind speed, Uh (m s−1), average air
temperature, Tair (◦C), and three empirically derived constants
(a, b, and c), which vary according to the presence or absence of
a windshield (see Kochendorfer et al., 2017):
CE = e−aUh(1−tan−1(bTair)+c), (1)
Average and maximum wind speeds were downscaled from
the height of the anemometer to the lower height of the
precipitation gauge orifice using a logarithmic wind profile
that assumes neutral atmospheric stability (Yang et al., 1998),
accounting for relative changes in instrument height due to
changing snow depth.
RESULTS
Seasonal Meteorology and Snow Water
Equivalent Patterns
Two years of hourly meteorological data from the Ganja La
automatic weather station, recorded and transmitted in near-real
time, are displayed in Figure 3. For comparison, Supplementary
Figure 1 displays the daily values of the same data. Ganja
La is characterized by cyclic, seasonally varying patterns of
precipitation, relative humidity, wind speed, wind direction,
surface temperature, and air temperature. The annual sum
of precipitation exceeds 2000 mm, the majority of which
falls during the monsoon season between July and October.
Both air temperature and humidity exhibit cyclic seasonal
variation, progressing from colder, but highly variable (–20
to ∼5◦C), air temperatures in the winter (January–March),
pre- (March–July) and post-monsoon (October–January) periods
to warmer (≥5◦C), less variable, air temperatures during the
monsoon. Similarly, relative humidity progresses steadily from
∼5 to >50% in the winter months to ∼90–100% during the
monsoon season, including highly variable relative humidities
between 10 and 90% in the pre- and post-monsoon seasons.
Surface temperatures exhibit large diurnal fluctuations of up to
30◦C day−1 when the surface is not snow covered. Presence
of snow cover is associated with reduced diurnal surface
temperature variation, with temperatures typically between
−5 and 0◦C. Strong diurnal variations in incoming and
outgoing shortwave and longwave radiation are also present.
Net shortwave and longwave radiation fluxes are relatively
consistent during the monsoon season. Measured shortwave and
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FIGURE 3 | Hourly meteorological data measured by the automatic weather station between May 2016 and June 2018. (a) Precipitation from the Total Precipitation
Gauge, (b) air temperature, (c) surface temperature, (d) relative humidity, (e) wind speed and direction, (f) barometric pressure, (g) net shortwave radiation and (h)
net longwave radiation.
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longwave radiation fluxes increase and decrease, respectively,
once a snowpack forms in the post-monsoon season. The
prevailing wind speed and direction is seasonally variable with
gentle (<2 m s−1) southerly winds dominating during the
monsoon season. Winds become stronger (>3 m s−1) and
switch to a northerly prevailing direction prior to and following
the monsoon season.
Three snowpacks with a SWE exceeding 15 mm w.e. and
persisting for longer than one month were present between May
2016 and June 2018. Cross correlation analysis demonstrates that
the response of the CS725 to rapid changes in SWE generally lags
behind instruments that provide immediate “snapshot” responses
to changes in the snowpack, such as the SR50AT snow depth
sensor (Figure 2c). The range of most common lags for the
SWE measurement is between 15 and 23 h for both 40K and
208Tl, and the mean time lag for the entire SWE timeseries
is 18 h. An 18-h time lag is therefore used to correct the
observed SWE timeseries.
The seasonal evolution of SWE for the three snowpacks
present between May 2016 and June 2018 is displayed in
Figure 4a. The 6-hourly sum and phase of the precipitation
recorded in the Total Precipitation Gauge is also displayed, split
into solid, liquid, and mixed precipitation phases using ambient
air temperature thresholds of < −2◦C for snow, >2◦C for rain
and −2 to 2◦C for mixed precipitation. Although the majority of
the precipitation that falls at the beginning of the accumulation
period (September–February) is snow, a snowpack often does
not persist until the advent of more frequent precipitation events
from March through to May. Once established, snowpacks at
Ganja La contain up to 200 mm w.e. Single, sustained snowfall
events contribute to large proportions of the total SWE, in
some instances increasing snowpack SWE by 100–150 mm w.e.
over the course of several days (e.g., March 2017 in Figure 4).
Established snowpacks have a longevity of 5–6 months before
SWE fully disappears. The phase of incoming precipitation
becomes increasingly mixed during the last 2 months of the
snowpack’s lifespan.
To assess the prevalence of snow redistribution by wind, we
examine the number of SWE and snow depth increases that do
not coincide with a corresponding precipitation measurement
in the precipitation gauge. Approximately 19% of the CS725
increases in SWE and 9% of the increases in snow depth were
not associated with a precipitation gauge measurement, possibly
resulting from windblown snow redistribution. Using outgoing
longwave radiation to calculate the snow surface temperature,
assuming a snow emissivity of ∼0.98 (Hori et al., 2006), and
measured changes in snow depth and SWE, we assess the
lowering and loss of SWE from the snowpack in relation to
snow surface temperature. This analysis reveals that, prior to
April, the majority of surface lowering occurs when snow surface
temperatures are below 0◦C. Of this sub-zero lowering, 80%
coincides with a loss of SWE from the snowpack. After April,
the majority of surface lowering is associated with above-zero
surface temperatures; although a diurnal cycle is present where
the snowpack surface often continues to lower in the presence of
sub-zero temperatures at night. When snow surface temperatures
exceed 0◦C, 84% of surface lowering is associated with a loss of
SWE, with the remaining 16% possibly being related to snow
redistribution, compaction, or refreezing within the snowpack
within the footprint of the CS725.
During periods when snow height fluctuations occur in the
absence of a change in SWE, mean wind speeds are typically
low, ranging between 0.5 and 4 m s−1, although maximum wind
speeds of up to 12 m s−1 were achieved during the hour of
measurement. Evidence of wind scouring of the snowpack is also
present in the time-lapse imagery for these periods. No significant
difference is present between the wind speeds experienced during
periods where snow depths fluctuate without a change in SWE,
compared to periods when snow depth fluctuations are associated
with a change in SWE.
Comparison Between Methods of Measuring Solid
Precipitation
The cumulative SWE measured by the CS725 and the Total
Precipitation Gauge for the three substantial snowpacks present
between May 2016 and June 2018 is displayed in Figure 4b.
The CS725 generally reports a higher cumulative SWE than the
precipitation gauge, especially when the latter is not corrected for
undercatch. Increases in SWE that were recorded by the CS725
but not the precipitation gauge caused the total cumulative SWE
measured by the CS725 to differ from its raw value by between
4 mm and 20 mm by the end of the three periods.
When uncorrected for undercatch, the Total Precipitation
Gauge captures 62% of the solid precipitation measured by
the CS725 on average. In most cases, the precipitation gauge
measures more similar quantities of solid precipitation to
the CS725 when wind speeds are lower (<2.5 m s−1), air
temperatures are higher (>−10◦C) and snowfall is more intense.
The observed catch efficiency of the Total Precipitation Gauge
(compared to the CS725) is lower than that derived from
the results of WMO-SPICE (Eq. 1), which calculates that the
instrument should capture between 70 and 93% of incoming
solid precipitation (95% confidence interval), with a mean catch
efficiency of 81% (Figure 4b). These relatively high predicted
catch efficiencies result from low downscaled mean hourly
wind speeds, which typically do not exceed 2 m s−1 during
snowfall events.
The catch efficiency performance of the Total Precipitation
Gauge decreases substantially during an exceptionally large snow
event that occurred between the 8th and 12th of March 2017 in
which the SWE measured by the CS725 increased by 168 mm
in 104 h. During this time period, the Total Precipitation Gauge
measures only one third of the SWE gain quantified by the CS725.
A theoretical catch efficiency of ∼75% is calculated for this time
period, implying that an additional factor, such as the blockage of
the precipitation gauge orifice by intense snowfall, resulted in this
discrepancy and the poor performance of the instrument during
this snowfall event.
When corrected for undercatch using Eq. 1, the Total
Precipitation Gauge produces a better agreement with the CS725
(Figure 4b), although cumulative SWE is slightly overpredicted
in comparison to the CS725 on average. The exception to
this bias is in 2017 where the large March snowfall event
falsely skews the accumulated precipitation toward the SWE
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FIGURE 4 | Cumulative SWE patterns for the CS725 and the Total Precipitation Gauge when substantial snow cover is present. (a) SWE measured by the CS725
and measured precipitation, split into solid, mixed and liquid phases using temperature thresholds. The three periods studied in panel (b) are highlighted in red
dashed boxes. (b) Cumulative precipitation sums for the CS725 and the raw and undercatch corrected Total Precipitation Gauge using snow cover, air temperature,
snow depth and a linear phase transition to determine when solid precipitation falls.
measured by the CS725. The sum of precipitation measured
by the undercatch-corrected Total Precipitation Gauge that
fell when snow cover was present in the time-lapse images,
compared to the sum that fell when air temperatures were
below –2◦C provides a maximum estimate for the contribution
of mixed and rain-on-snow events to snowpack SWE. The
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majority of the precipitation that contributed to snowpack SWE
occurred when air temperatures were below –2◦C, with mixed
precipitation and rain-on-snow events combined contributing
55 and 32 mm w.e. to the total snowpack SWE in 2017
and 2018, respectively. This equates to approximately 10–15%
of the accumulated snowpack SWE. In this location, mixed
precipitation and rain-on-snow events do not contribute SWE
to the snowpack until late April/early May, when the average
air temperature at the station shifts from −6.6◦C ± 3.8◦C to
−1.8◦C ± 2.7◦C. Using increases in snow depth to determine
when SWE was contributed to the snowpack results in the poorest
comparison to the CS725, excluding approximately a quarter
(118–145 mm w.e.) of the total SWE measured by the CS725.
This pattern likely reflects a combination of snow depth increases
that occur below the 0.01 m accuracy threshold of the SR50AT
and the occurrence of mixed and rain-on-snow precipitation
events. The use of a linear phase transition for precipitation
results in excellent agreement with the CS725, reproducing
the accumulated precipitation to within ∼6 mm of the CS725
in 2017 and 2018.
Representativeness of Automatic
Weather Station Measurements
Uniformity of Snow Cover
The temporal variation in snow cover uniformity, assessed
using time-lapse camera images of the area surrounding
the automatic weather station, is displayed in Figure 5.
Snowpacks are typically uniform during the accumulation period
regardless of the snow depth (Figures 5a,b). Uniform snow
cover is associated with an albedo between 0.46 and 0.84
(mean = 0.65), whilst the albedo of discontinuous snow cover
ranges between 0.10 and 0.60, with a mean of 0.30 (95%
confidence interval) (Supplementary Figure 2). Figures 5c,d
display histograms of the SWE and snow depth values measured
when discontinuous snow cover is present. The majority of
discontinuous snow cover periods are associated with SWE
values that are less than the 15 mm w.e. accuracy of the
CS725; however, in some instances, SWE values of up to
50 mm are measured before the snowpack becomes uniform.
Snow depths of less than 0.10 m tend to be associated
with patchy snow cover, although depths of up to 0.18 m
are infrequently recorded during periods in which snow
cover is not uniform.
The number of “true” and “false” snowfall events detected
by the SR50AT for different smoothing window lengths is
shown in Figure 6. The raw data series detects 377 periods in
which snow depth increases above the instrument’s 0.01 m h−1
accuracy threshold. Comparison with the time-lapse images
reveals that only 58% of these detected increases in snow depth
are real, meaning that 157 periods of instrument noise would
be misclassified as snowfall if the raw data was used without
a filter. Smoothing the snow depth timeseries using even a 2-
h moving average filter dramatically reduces the number of
“false” events that are classified as snow to only 6% of the
total. Increasing the smoothing window length to 7 h removes
all false events completely; however, this comes at the cost
of a loss of ∼75% of the true events detected in the raw
dataset. Window lengths greater than 7 h result in almost
no further differences in the number of real events detected.
The 2-h filter retains 79% of the “true” events detected in
the raw dataset. Based on these results, it is preferable to
use a 2-h smoothing filter to retain the maximum number
of “true” snow events, and validate these results with the 7-h
smoothed timeseries to ensure that any artifacts produced by the
remaining 6% of events which relate to instrument noise do not
influence the analysis.
Comparison to Snow Pits
Figure 7 compares measured bulk density, measured snow
depth and calculated SWE from the twelve snow pits on the
30th April, 2018, to the values derived from the automatic
weather station instruments. The effective footprint of the
SR50AT is 1.4 m2, whilst the CS725 has an effective footprint
of ∼150 m2 (Figure 7a). Figure 7b displays the location
and calculated SWE of the twelve snow pits dug around
the automatic weather station. SWE values across the surface
where no measurements were taken are estimated by linearly
interpolating between the snow pit measurements. Calculated
SWE values exhibit considerable spatial variation within the
∼200 m2 area covered by the snow pits, ranging between 122 mm
and 196 mm w.e., with a mean of 156 mm w.e., resulting in a
coefficient of variation of 13%. The interpolated average SWE
value within the 1.4 m2 SR50AT footprint (146 mm w.e.) is
representative of the value measured by the CS725 at this time
(140± 15 mm w.e.) (Figure 7c).
Figures 7d–f present the bulk density of the whole snowpack
(including basal ice), the upper 0–0.2 m section and the lower
0.2–0.4 m section of the snowpack, respectively, measured in the
snow pits. The average bulk density of the entire snowpack is
364 ± 32 kg m−3 (±1 σ) and has a coefficient of variation of
less than 9%. The average density of the upper 0–0.2 m portion
of the snowpack is 270 ± 18 kg m−3 whist the lower 0.2–0.4 m
section is approximately 1.3 times denser at 348 ± 69 kg m−3.
The bulk density of the snowpack calculated from the automatic
weather station measurements (by taking the quotient of SWE
and snow depth) was 340 kg m−3 at the time when the snow pit
measurements were made.
With the exception of one snow pit, the depth of the snowpack
is relatively uniform, ranging between 0.40 and 0.50 m, with
a mean value of 0.43 m and a coefficient of variation of 6%.
The snow pits are 0.03 m deeper than the value measured by
the SR50AT on average. Figure 7h displays the thickness of
the basal ice layer situated between the base of the snowpack
and the underlying substrate. The ice layer thickness is spatially
variable, is not present in all snow pits and is up to 0.11 m
thick. When averaged over the ∼150 m2 CS725 footprint, the
basal ice is ∼0.03 m thick. Assuming an ice density of 910 kg
m−3, this refrozen water corresponds to ∼30 mm of SWE,
equivalent to ∼22% of the value measured by the CS725 for
the overlapping 6-h time period. The presence of the thicker ice
layers strongly influences the bulk density measurements which,
when ice is present, are 30–46 kg m−3 greater than the average
snowpack bulk density.
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FIGURE 5 | Temporal variation in SWE and snow cover continuity. (a,b) Snow cover classes for SWE and snow depth. Periods where a uniform snowpack is
present are highlighted in purple and times when a discontinuous snowpack is present are shown in pink. Instrument uncertainties are displayed as a shaded gray
band. Boxplots display the variation in snow pit SWE and depth measured on the 30th April, 2018. (c,d) The magnitude and proportion of SWE values and snow
depths that occur while there is discontinuous snow cover. (e,f) Examples of uniform (e) and discontinuous (f) snow cover from time-lapse imagery close to the
automatic weather station.
FIGURE 6 | The effect of moving average smoothing interval on the number of true and false snow events detected by the snow depth sensor, verified by time-lapse
camera images.
DISCUSSION
Instrument Performance and Errors
The differences between the radiation-based and weighing-based
methods of measuring SWE (Figure 4b) demonstrates some of
the challenges and variability associated with obtaining reliable
in situ measurements of solid precipitation in high-altitude
environments (Sieck et al., 2007). In its raw form, the Total
Precipitation Gauge captures 62% of the solid precipitation
measured by the CS725 on average. For years in which a
substantial snowpack was established, the Total Precipitation
Gauge tends to record more similar quantities of precipitation to
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FIGURE 7 | Comparison between snow pit SWE, bulk density and snow depth values and those derived from the CS725 and the snow depth sensor. (a) The
automatic weather station displaying the effective footprints of the CS725 and the SR50AT snow depth sensor. (b) Spatial distribution of SWE derived from snow pit
density and snow depth measurements around the automatic weather station (AWS). (c) SWE, bulk density and snow depth derived from the CS725 and the
SR50AT. (d–f) Snowpack bulk density for: (d) the entire snowpack, (e) 0–0.2 m deep, (f) 0.2–0.4 m deep, (g) snow depth, (h) basal ice thickness, and (i) Spatial
weighting of the CS725 SWE measurements.
the CS725 when air temperatures are warmer and wind speeds are
lower. Warmer air temperatures are commonly associated with
higher fresh snow densities that are less easily disrupted by winds
which, when combined with lower wind speeds, will increase the
catch efficiency of precipitation gauges (Hedstrom and Pomeroy,
1998; Meløysund et al., 2007; Kochendorfer et al., 2017). The
tendency for the Total Precipitation Gauge to overflow without
regular maintenance at the end of the monsoon season resulted
in the loss of useful data in the last three months of 2017.
The CS725 captures more solid precipitation than the
uncorrected Total Precipitation Gauge, implying either that
undercatch results in a reduction in the precipitation entering
this instrument, or that the CS725 overestimates the SWE of
the snowpack. Precipitation gauge undercatch can exceed 50%
for snowfall when gauges are not windshielded (Sevruk et al.,
1991; Ye et al., 2004; Rasmussen et al., 2012; Mekonnen et al.,
2015; Wolff et al., 2015), and we estimate that between 19
and 46% of incoming solid precipitation is not recorded in the
Total Precipitation Gauge on average (Kochendorfer et al., 2017).
This difference agrees well with the 38% discrepancy present
between the Total Precipitation Gauge and the CS725. However,
the CS725 has previously been found to overestimate SWE by
between 18 and 35% in boreal climates in Finland, Switzerland,
and Canada (Choquette et al., 2008; Smith C.D. et al., 2017).
This error has been attributed to the infiltration and retention
of snowmelt into soils prior to freeze up which alters the soil
moisture content compared to the reference conditions that the
CS725 is calibrated for. Water stored in the soil will continue to
attenuate gamma radiation, resulting in a false overestimation of
SWE (Gray et al., 2001; Smith C.D. et al., 2017).
In this particular region, however, we suggest that the
monsoon-dominated climate may minimize the prevalence of
this issue. The automatic weather station’s surface temperature
sensor demonstrates that unfrozen soil conditions begin around
June in the presence of snow-free conditions and continue until
the establishment of a snowpack in November to December
(Figure 3c). The precipitation regime of this region is monsoon
dominated (Immerzeel et al., 2009, 2014), with ∼80% of the
total annual precipitation recorded at Ganja La falling onto
unfrozen ground during the summer monsoon. Assuming a
temperature threshold of 2◦C (Ye et al., 2004; Kochendorfer
et al., 2017), liquid precipitation is observed to fall up until
the advent of frozen ground conditions, shortly after which a
snowpack typically forms. The short transition between the last
of the liquid precipitation events and the onset of substrate
freezing implies that any soil beneath the CS725 will be at
or near to saturation when the ground freezes. As monsoon
precipitation occurs consistently from year to year, the ground
moisture content when new snowpacks form is likely to be
similar to when the CS725 was first calibrated. Thus, the
sensor may not be as prone to overestimation as previously
recorded in other climatic settings. This conclusion is supported
by our snow pit SWE estimates which, at an average of
156 mm w.e., are comparable with or even slightly higher, than
the 140 ± 15 mm w.e. measured by the CS725, 2.5 years after
the instrument was first calibrated. Accordingly, we suggest
that the 38% precipitation discrepancy between the uncorrected
Total Precipitation Gauge data and the CS725 is likely related
to precipitation undercatch rather than an overestimation of
SWE by the CS725.
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The Ganja La automatic weather station is situated in the
4000–5000 m a.s.l. elevation band that is highly important for
water storage and meltwater generation in this high mountain
region (Immerzeel et al., 2009; Tiwari et al., 2016; Gurung et al.,
2017). At this location, very little (10–15%) of the annual SWE
falls as mixed precipitation or rain-on-snow events, emphasizing
the importance of the need to obtain reliable estimates of solid
precipitation in Himalayan environments. Despite its failure to
successfully replicate the snowfall that occurred in March 2017,
the undercatch-corrected Total Precipitation Gauge timeseries
generally corresponds closely to that of the CS725, especially
during periods when no exceptionally large snowfall events
occurred (Figure 4). This result demonstrates that the undercatch
correction function derived from Kochendorfer et al. (2017),
despite having a tendency toward slightly overpredicting the
quantity of SWE, generally performs well in this high-altitude
environment and could potentially be used to correct similar
precipitation gauges deployed in other Himalayan regions.
Approximately 20% of the snow depth changes measured by
the SR50AT are not associated with a change in SWE and likely
reflect a combination of snow redistribution by wind within
the footprint of the CS725, internal refreezing of meltwater,
and surface compaction. The fact that wind-related processes
appear to play an important role in even the relatively sheltered
Ganja La site where windspeeds are generally low (Figure 3e),
highlights the value of having a SWE sensor with a large footprint
as this removes the issue of undercatch altogether and avoids
many of the spatial variability issues that are associated with
point measurements of SWE (Osterhuber et al., 1998; Wright,
2013; Kinar and Pomeroy, 2015; Smith C.D. et al., 2017). Large
proportions of surface lowering occur in sub-zero temperatures,
particularly in the winter and early pre-monsoon seasons when
relative humidities are low and wind speeds are comparatively
high. These periods of SWE loss and surface lowering likely
correspond to wind scouring of surface snow and the loss
of SWE directly to the atmosphere through sublimation. Low
atmospheric pressures, high wind speeds, dry air, and low
surface vapor pressures make sublimation an important process
at high-altitude locations (Strasser et al., 2008; Wagnon et al.,
2013). Relatively high average sublimation rates of 1.0 mm w.e.
per day, or 21% of annual snowfall, have been reported for
the nearby Yala Glacier in the Langtang Catchment (Stigter
et al., 2018) and Saloranta et al. (2019) report that sublimation
accounts for 17% of all SWE losses at Ganja La. The importance
of sublimation as a process in high-altitude environments
demonstrates the value of applying a dedicated SWE sensor,
along with complementary meteorological instruments, that can
distinguish SWE losses from redistribution within the footprint
of the sensor and quantify the loss of SWE under different
meteorological conditions.
Due to the sensor’s 24-h integration of gamma radiation, the
larger monitoring area of the CS725 comes at the cost of the
loss of near-instantaneous monitoring capacity. Measurements
from the CS725 must also be carefully interpreted due to its
averaging of spatially heterogeneous SWE, which is influenced
by the location of refrozen meltwater (Figure 7). Furthermore,
the uniformity of the snowpack must be considered when
interpreting results derived from this method as patchy snow
cover can contain up to 50 mm SWE without being a substantial
and uniform snowpack (Figure 5). The sensor will generally
underestimate SWE during non-uniform snow cover conditions
as gamma photon intensity decreases exponentially with greater
snowpack water content. This issue can be exemplified using
an extreme scenario where an area consists of 50% bare
ground (0 mm w.e.) and 50% thick snow cover (600 mm
w.e.). In this situation, although gamma radiation from the
snow-covered portion of ground would be almost completely
absorbed, the average intensity of gamma radiation reported by
the instrument will be equal to half of the radiation emitted
from the completely snow-free influence area. Simplified, this
equates to approximately 50 mm of SWE, whereas the actual
average SWE of the area would be 300 mm. Thus, radiation-based
methods of SWE measurement will always have a bias toward
the lower SWE sub-regions of the measured area during non-
uniform snow cover conditions, although for the maximum SWE
values observed here under patchy snow cover (50 mm), this
effect would only amount to a∼4 mm underestimation of SWE.
The bulk density calculated using the automatic weather
station data exhibits excellent agreement with the range of
densities measured in the snow pits on the 30th April, 2018
(Figure 7c). Although the snow pits represent only one point in
time and are invariably not without error due to the difficulty of
taking manual snow cores containing ice layers at high altitude in
sub-zero temperatures (Smith C.D. et al., 2017), the pits capture a
valuable snapshot of the spatial variability of SWE, snow depth
and bulk density in this location. Calculating snowpack bulk
density from continuous automatic weather station observations
of SWE and snow depth comes with the caveat that this measure
is only reliable when the footprints of the SR50AT and the
CS725 are representative of the average values of the whole
snowpack. As demonstrated by the time-lapse images and the
low coefficients of variation associated with our snow pit SWE
and depth measurements (13 and 6%, respectively), snow cover
tends to be uniform during periods of snowpack accumulation
(Figure 5), suggesting little snow depth variability within the
CS725 footprint. Accordingly, when snow cover is uniform,
the quotient of the CS725 and the SR50AT can be used to
estimate snowpack bulk density. However, this method will be
less accurate for periods of discontinuous snow cover when the
snowpack is ablating.
Recommendations for Remote,
High-Altitude Snowpack Monitoring
In this section, we use our assessment of instrument performance
to postulate about the optimal setup for an automatic weather
station that could be installed in a remote, high-altitude location
and left without the need for maintenance for several years. Such
a setup could provide input to achieve near-real time hydrological
forecasting in a region where seasonal snow resources are
important for millions of people.
The transmission of data using the Iridium satellite
constellation is a robust and convenient method for achieving
near-real time monitoring of snow conditions in high mountain
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environments. Variables measured and transmitted using this
technique can be used to force near-real time simulations of
the timing and magnitude of snowmelt into the catchment
hydrological system and forecast avalanche risk (Saloranta et al.,
2019). In order for these efforts to be worthwhile in the long term,
the setup should require minimal maintenance whilst providing
representative estimates of their measured variables of interest.
Reliable estimates of precipitation are some of the most
important measurements to collect when attempting to monitor
seasonal water resources (Jonas et al., 2009; Rohrer et al.,
2013). Precipitation gauges are more extensively deployed in
the Himalayas than dedicated SWE sensors (Andermann et al.,
2011). Although it is preferable to install a windshield on these
instruments to reduce the magnitude of precipitation undercatch,
our results demonstrate that, under most conditions, unshielded
precipitation weighing gauges can be corrected for undercatch
using simple wind speed and temperature inputs to within 20%
of an independent SWE sensor. The accuracy of undercatch-
corrected precipitation gauges can be improved by using these
instruments in combination with time-lapse camera images to
verify snow events, or by applying linear precipitation phase
transitions to the data collected (Figure 4b; Harder and Pomeroy,
2013). However, the possibility of precipitation gauge blockage
under exceptional snow conditions remains a serious issue
when attempting to accurately monitor the total quantity of
precipitation stored as seasonal snow. This issue is very difficult
to detect without reference to an independent SWE sensor or
a camera pointed at the precipitation gauge. Taking the event
which occurred between the 8th and 12th of March 2017 as an
example, the loss of over two thirds of this SWE due to instrument
blockage would seriously affect understanding of avalanche risk
or the quantity of snowpack water storage predicted by a snow
model and consequently alter the strategic efforts to mitigate the
risk of these hazards.
This study has shown through the comparison of two SWE
sensors that when corrected for undercatch, weighing gauge
systems such as the Total Precipitation Gauge provide a relatively
accurate method of measuring solid precipitation in Himalayan
environments. However, the need to manually empty this type
of gauge remains problematic in remote locations that cannot be
accessed recurrently. Although self-emptying versions of gauges
similar to the Total Precipitation Gauge are available, antifreeze
is still required to be prevent damage to the instrument which
requires a field team to visit the site regularly. Similar issues exist
for snow pillows or weighing scales, as the former requires large
quantities of antifreeze and the latter requires the transportation
of heavy material to the study site, which is impractical in rugged
high-altitude mountain terrain. Furthermore, snow pillows and
weighing scales are prone to snow bridging produced by the
refreezing of hard snow crusts that partially support the weight of
the snowpack (Engeset et al., 2000; Smith C.D. et al., 2017) and,
in the case of snow pillows, must be corrected for measurement
errors produced by the differential compression of the instrument
(Johnson, 2004; Johnson and Marks, 2004).
Although typically several times more expensive than
weighing gauge systems, radiation-based methods of SWE
monitoring such as the CS725 are comparatively well suited for
remote high-altitude environments as they are portable, provide
consistent measurement performance regardless of snow type,
snowpack structure, or properties, are not affected by snow
bridging, precipitation undercatch or adverse weather conditions,
and their passive measurements do not disturb the internal
structure of the snowpack (Osterhuber et al., 1998; Wright, 2013;
Campbell, 2015; Stranden et al., 2015). Furthermore, this type
of instrument is not affected by extremely cold temperatures,
requires no antifreeze, and can typically be left in the field for
7 years without maintenance (Wright, 2013; Stranden et al.,
2015). Radiation-based methods of SWE measurement also
continue to measure the water content of the snowpack regardless
of the phase that the water is stored in, reducing the scope
to misinterpret the melting and refreezing of water within the
snowpack as snowmelt and runoff.
The CS725 is capable of monitoring snowpacks up to
approximately 600 mm w.e. Above this threshold, gamma
radiation is attenuated to below the detection threshold of
the instrument, although in general greater snow depths are
beneficial as the radioactivity signal to noise ratio decreases
as snow depth increases, yielding more accurate measurements
(Kinar and Pomeroy, 2015). The applicability of radiation-based
methods of SWE measurement may therefore be restricted
in some locations by the need for installation sites to
have a minimum background level of naturally occurring
radioactive isotopes present in the substrate or in areas where
particularly large snowpacks are present (Campbell, 2015;
Stranden et al., 2015). Average winter SWE values are generally
below 140 mm w.e. in High Mountain Asia, although higher
snowpack SWE can exist in some high-elevation areas (Ménégoz
et al., 2013; Tiwari et al., 2015, 2016; Smith and Bookhagen, 2018).
The majority of snow cover in the Langtang catchment is less
than 600 mm w.e. (Stigter et al., 2017; Saloranta et al., 2019).
Locations where SWE exceeds 600 mm w.e. generally occur
below very steep slopes in avalanche-prone terrain where the
installation and long-term sustainability of a SWE sensor would
be difficult to achieve. Thus, in most instances, the upper limit of
SWE detection should not be a significant problem when siting
the instrument in high mountain environments. The delayed
integration of the CS725 may be problematic for uses that require
instantaneous knowledge of SWE; however, with the exception of
extreme snowfall events, using the SWE value of the previous day
is likely to be sufficient for most monitoring purposes.
A snow depth sensor such as the SR50AT may be combined
with a SWE sensor to provide calculated estimates of changing
snowpack bulk density dynamics with which to develop and
test numerical snow models in this region. However, the
small footprint of the snow depth sensor may result in
measurements being unrepresentative over larger areas due
to the spatial heterogeneity commonly associated with snow
depth (López-Moreno et al., 2013; Grünewald and Lehning,
2015). Additionally, the accuracy of the SR50AT can also
be affected by a skewed sensor orientation, poor sound
reflectance from extremely low-density snow, and rough or
uneven surfaces (Campbell, 2016). This study has demonstrated
that the installation of a time-lapse camera provides valuable
imagery with which to cross-check the validity of snowfall
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events, optimizing the spatial resolution and continuity of snow
depth and SWE measurements made remotely in the field.
Unfortunately, this imagery is currently unable to be transmitted
in near real-time. Cameras that transmit photos through a
cellular network are becoming increasingly available on the
market, but these would need to be adapted for the lack of phone
signal in high-altitude Himalayan environments.
Overall, the large footprint, low maintenance setup and
reliable performance of radiation-based measurements of SWE
make this type of instrument suitable for monitoring remote
high-altitude snow cover. SWE measurement accuracy and
reliability can be improved by correcting instruments for
time lag and wind-related issues using sensors that provide
instantaneous measurements of snow depth and precipitation,
or by validating SWE measurements in context using time-
lapse camera imagery. Previous research has demonstrated
that this region is characterized by significant and seasonally
varying gradients of precipitation and temperature which
need to be considered when attempting to spatially distribute
automatic weather station measurements over a larger spatial
scale (Immerzeel et al., 2014). If several stations, similar to
the automatic weather station presented here, were installed
along an elevational transect, precipitation and temperature
gradients could be estimated in near real-time across a catchment,
permitting snow properties to be modeled and estimated at
the catchment scale or beyond (Saloranta et al., 2019). When
combined with a reliable satellite-based transmission service, this
instrument setup is capable of delivering valuable near real-time
information about seasonal water resources stored as snow in
high-altitude locations.
CONCLUSION
In this study we have presented a unique meteorological
dataset comprising 2 years of continuous SWE, snow depth,
precipitation, air temperature, relative humidity, surface
temperature, wind speed, wind direction, barometric pressure,
and shortwave and longwave solar radiation data from a
high-altitude weather station at 4962 m a.s.l. in the Nepal
Himalayas. The automatic weather station measurements are
transmitted hourly via the Iridium satellite constellation, and are
immediately available. We have assessed the accuracy and spatial
representativeness of SWE and snow depth measurements using
snow pits and time-lapse camera imagery. Our results show that
although measurement errors become greater when snow cover
thins, the automatic weather station measurements are spatially
and temporally representative and are capable of providing
valuable insights into the timing and processes governing the
high altitude water cycle. The automatic monitoring system
is capable of providing continuous SWE, snow depth, and
snowpack bulk density measurements that could be used to
develop and calibrate density and SWE models in this poorly
documented region.
Wind scouring and redistribution of snow produces
prominent measurement artifacts even in sheltered locations
and care must be taken when interpreting precipitation
measurements with narrow footprints and orifices. The
application of sub-daily time-lapse camera imagery can
help to correctly interpret and increase the reliability and
representativeness of snow surface measurements. Over 85%
of incoming SWE at the elevation of the automatic weather
station fell as solid precipitation, emphasizing the importance
of obtaining reliable estimates of snowfall in Himalayan
environments. Comparison between an independent SWE
sensor and a precipitation gauge has shown that precipitation
gauges significantly underrepresent the magnitude of solid
precipitation received in high elevation regions by almost 40%;
however, this bias can largely be corrected using simple wind
speed and temperature inputs.
Widespread deployment of similarly robust, relatively
maintenance free snow measurement stations that transmit
data remotely using satellite connection across other Himalayan
regions would permit widespread near-real time monitoring of
seasonal Himalayan snowpacks. This monitoring setup may then
permit snow condition assessment, hydrological forecasting,
and evaluation of avalanche threats to be made at a temporal
resolution that is currently unavailable in this region of the world.
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